Frequency selectivity of single auditory nerve fibers in the auditory nerve of the rat was studied using pseudorandom noise as the stimulus. The noise was lowpass filtered ternary m-sequences. Period histograms of the discharges of single auditory nerve fibers, locked to the periodicity of the noise, were cross-correlated with one period of the noise to obtain estimates of the impulse response. These cross-correlograms were subsequently Fourier transformed to obtain estimates of the frequency transfer functions. Earlier results obtained using noise that was based on binary sequences as the stimulus showed a systematic dependence on stimulus intensity of the bandwidth and center frequency of the computer transfer functions. The results of the present study confirmed this dependence and showed that a linear model based upon first-order cross-correlations fit the histograms of response. It is concluded that phase-locked activity of single auditory nerve fibers accurately reproduces the half-wave rectified motion of the basilar membrane over a large range of sound intensities.
Introduction
The discharge patterns of single auditory nerve fibers in response to pure tones reveal information about the frequency selectivity of the auditory periphery in at least two different ways: one is in the discharge rate and the other is in the phase-locking of the discharges. Frequency threshold curves and iso-rate functions are measures of the frequency selectivity that are based on discharge rate. A different measure that relates neural discharge rate to sound frequency is the iso-intensity function, which shows discharge rate at certain fixed intensities as a function of frequency. The most commonly used method using neurophysiological measures of studying the frequency selectivity of the periphery of the auditory system has been to examine frequency threshold curves obtained by presenting pure tones of different frequencies and then to determine the threshold of a just-noticeable increase in the firing rate. The frequency selectivity of the auditory system is also manifested in the degree to which the responses of single auditory nerve fibers are phase-locked:
phase-locking is a function of the frequency of the stimulus sound, but can generally not be determined for frequencies above 6000 Hz. When the threshold for phase-locked responses is determined as a function of the frequency of pure tone stimuli, frequency selectivity curves which are similar in shape to the frequency threshold curves are obtained [21] . When the sound intensity necessary to produce a certain degree of phase-locking is determined, curves similar to iso-rate contours are obtained [21] .
One advantage of studying the phase-locked responses to determine frequency selectivity is that this method can be used to measure the frequency selectivity when broadband stimuli such as noise are used as the stimulus. Using broadband noise, many investigators [2,3,10,15,28-3 l] have shown that phase-locked discharges of auditory nerve fibers which occur in response to noise stimuli have properties of frequency (spectral) selectivity. The results of such experiments performed by de Boer [2, 3] , Evans [lo] and Harrison and Evans [15] were obtained using a method called 'reverse correlation', while those obtained by Moller [28-311 were obtained by cross-correlating a period histogram of the recorded discharges with one period of the pseudorandom noise used as the stimulus [26, 27] . The cross-correlation function is an estimate of the impulse response function of the system under test [22, 23] . The reverse correlation may be regarded as an approximation of the cross-correlation function. Fourier transformation of cross-correlograms provides a measure of the frequency transfer function of the system. At intensities near threshold the frequency selectivity of these estimates of the frequency transfer function obtained using the noise method are very similar to frequency tuning curves that have been obtained using pure tones [4, 30] . Above threshold these frequency transfer functions are more closely related to frequency response areas.
One of the advantages of the noise method in obtaining measures of the frequency selectivity of the auditory system is related to the fact that measures of frequency selectivity can be obtained over a large range of stimulus intensities. In experiments where noise was used as the stimulus we have shown that the frequency selectivity and the center frequency of single auditory nerve fibers in the rat change in a systematic way with changing sound intensity [28-311. The great frequency selectivity that is present near threshold changes to a much broader tuning at physiological sound levels (SO-SO dB above threshold) at the same time that the center frequency shifts downward [28-311. This was a consistent finding for fibers with center frequencies between 1500 Hz and 5 kHz, while fibers with center frequencies below 1500 Hz showed much less dependence of stimulus intensity on their frequency selectivity. These results were confirmed by Harrison and Evans [ 151, while de Boer and de Jongh [5] , using the reverse correlation method and random noise as the stimulus to study frequency selectivity in the cat auditory nerve, found essentially little change in the center frequencies of single auditory nerve fibers and only a slight increase in bandwidth.
However, the latter study mainly focused on neurons with center frequencies below 1500 Hz and used stimulus intensity levels mostly between threshold and 40 dB above threshold.
It is an accepted fact that phase-locking of the discharges of auditory nerve fibers reaches saturation only lo-20 dB above threshold [ 10, 11, 28, 29] . This is an even smaller dynamic range than that of the discharge rate as a function of stimulus intensity [8, 20] . This means that the average number of phase-locked discharges is, in general, independent of stimulus intensity within the entire physiological intensity range.
The first experimental evidence that the frequency selectivity of the basilar membrane is dependent on the stimulus intensity was presented by Rhode [35] and Rhode and Robles [36] , who showed that the frequency selectivity of the basilar membrane of an anesthetized squirrel monkey decreases as the intensity of the pure tones used as test sounds is increased from 70 to 90 dB. The results of several later studies showed dependence on stimulus intensity of the frequency selectivity of auditory nerve fibers [28, 29, 34] . A decrease in sharpness of tuning of auditory nerve fibers with increasing sound intensity was shown in studies by Pfeiffer and Rim [34] in which the responses from many uerve fibers in the same animal were pooled to synthesize the distribution of excitation along the basilar membrane in response to a few pure tones of different intensities, and Moller [28, 29] , using pseudorandom noise as the stimulus, showed that the response areas of single auditory nerve fibers in the rat became wider with increasing sound intensity.
De Boer and de Jongh have shown that the response of auditory nerve fibers to noise stimuli can be described by a linear model of cochlear filtering [5, 18] . These investigators used the results of reverse correlation (discussed above) to describe their model. By comparing the waveform of the output of the model, when pseudorandom noise was used as the input, with histograms of the responses of single nerve fibers, they found that this linear model could describe the results rather well. Again, they mainly studied neurons with low center frequencies which show little change in bandwidth and characteristic frequency in the range that they studied (from threshold to 40 dB above threshold).
The results of studies using low-frequency pure tones or two-tone complexes as stimuli are in good agreement with those just described in which noise was the stimulus. Hind et al. [16] and Rose et al. [37, 38] found that, for a large range of stimulus intensities, histograms of the responses of auditory nerve fibers to continuous pure tones have shapes that closely resemble half-wave rectified sine waves and that histograms of the responses to two-tone complexes also have shapes that are similar to the waveforms of a half-wave rectified combination of the same two frequencies.
The results of these experiments thus indicate that, for such simple stimuli as pure tones, the motion of the basilar membrane is transformed in a relatively linear manner into a synchronized discharge pattern, except for the unidirectionality of the neural transducer. However, when more complex stimuli are used or the discharge pattern is examined in more detail, there may be other sources of nonlinearities in the neural transduction process. One problem with the above experiments is that the results were obtained in fibers with low characteristic frequencies.
There are indications that fibers with characteristic frequencies below 1500 Hz behave differently witH regard to change in filter function with sound intensity than do fibers with characteristic frequencies above 1500 Hz. We therefore need to determine if the changes in characteristic frequency and bandwidth noted in primary auditory neurons with characteristic frequencies betwen 1.5 and 6 kHz are also associated with a significant nonlinear distortion that can be detected in the pattern of the phase-locked responses of single auditory fibers. For this reason we undertook the present study in which phase-locking of rat auditory nerve fibers in response to pseudorandom noise was examined. The noise used in the experiments we described previously [28, 29] as well as in those performed by de Boer and de Jongh [5] was based on binary sequences generated by a commercial noise generator (Hewlett-Packard type 3722A). However, there are indications that this particular noise had so many anomalies that its use in studies of nonlinear systems resulted in significant error 1411. For this reason we used an improved pseudorandom noise based on ternary sequences [32, 33] in the experiments reported in this paper. This noise has been thoroughly tested using linear bandpass filters in combination with a half-wave rectifier to simulate the unidirectional sensitivity of the hair cells [32] . It was found that the bandwidth and center frequencies of such bandpass filters could be determined accurately using this noise and that the nonline~ities inherent in the system led to negligible errors in the determinations of these quantities. We are therefore confident that by using this noise and obtaining estimates of the impulse response function and transfer function we have been able to make an accurate determination of the linear properties of a system consisting of a cascade of linear filters and nonlinearities [32, 33] . The technical improvement of the pseudorandom noise used in the present experiments over that used previously has resulted in an extension of the dynamic range of the estimated transfer functions.
Methods
White rats (Sprague-Dawley), weighing about 250 to 350 g each, were anesthetized with Urethane (i.p.. 1.5 g/kg body weight). Recordings of unit potentials from the auditory nerve were made using fine glass capillaries filled with potassium chloride (resistance 50-100 MS2). The surgical procedure has been described previously [25] . Access to the auditory nerve was obtained after parts of the cerebellum had been removed by suction. The electrode was advanced in 2 pm steps using a Stalex micromanipulator.
The criteria for determining that the responses originated in a primary fiber were the latency of the response, its waveform, and the absence of injury potentials as described previously [28] . The generation of the pseudorandom noise has been described in detail elsewhere [32, 33] : the noise was generated by simulating a shift register on a ~nicomputer; each stage of the shift register was a three-level element and the feedback was applied through modulo-three gates from the output of two or more stages of the shift register. The sequences used in the present study were chosen according to the theory of Davies [7] , and the auto-correlation functions were checked for periodicities. Each sequence had 19 682 steps, and was lowpass filtered (digitally) with a 10 kHz cutoff frequency. The number of samples in the output signal was reduced to 2048 by linear inte~olation.
The noise was sampled at 40 ps intervals using an ll-bit digital-to-analog converter. The output of the digital-to-analog converter was lowpass filtered at 4.7 kHz (3-pole, Butterworth).
The generated noise was led to the sound transducer (Brtiel and Kjaer 1 inch microphone) through attenuators that were manually operated. Estimates of the system's impulse responses were obtained by cross-correlating a period histogram of the responses locked to the periodicity of the pseudorandom noise [22,23,26-281. When appropriately scaled these cross-correlograms are estimates of the first-order Wiener kernels. Cross-spectra were then computed from these cross-correlograms [26, 27] . The output of a linear model of the spectral filtering that is represented by these cross-correlograms was obtained by convolving one period of the noise that was fed into the sound transducer with the first-order Wiener kernel. This was then compared to histograms of the neural response.
Results
The results presented are based on recordings made in 35 auditory nerve fibers from 5 rats. The responses to several noise intensities were studied. determined by cross-correlating a period histogram of the response to pseudorandom noise with one period of the noise. Results at three different intensities are given. It may be seen that the impulse response of this fiber is a damped oscillation and that the duration of the damped oscillation is longer when the stimulus has an intensity near threshold than when the stimulus intensity is higher. The results shown in Fig. 1 are typical for fibers with center frequencies above 1000 Hz.
From Fig. 2 , which shows estimates of the transfer functions of the same fiber as shown in Fig. 1 , obtained at three different intensities, it is seen that the width of the major peak in the transfer function changes with the stimulus intensity, in agreement with the change in the duration of the damped oscillation in the cross-correlograms. The high-frequency slope is almost the same for all three stimulus intensities. Thus, instead of describing the change as a change in bandwidth, it would be more appropriate to describe it as a change in the slope of the low-frequency skirt of the frequency transfer function. The center frequencies are different for the three stimulus intensities (1610, 1420 and 1122 Hz, respectively, for this fiber).
Figs. 3 and 4 show the responses of two other fibers, one with a low center frequency (1130 Hz) and one with a high center frequency (3280 Hz), to two different stimulus intensities, one about 10 dB above threshold and one in the physiological range (50 dB above threshold). The duration of the damped oscillation of the fiber with the high center frequency is much shorter at the high stimulus intensity than it is at the low stimulus intensity. while the duration of the impulse response for the fiber with the low center frequency is nearly unchanged by changing stimulus intensity. The fiber with high center frequency evidences a change in center frequency and bandwidth similar to that shown by the fiber in Fig. 2 . while the fiber with the low center frequency shows very little change with change in stimulus intensity.
In Fig. 5 the center frequencies and bandwidths are graphed as functions of stimulus intensity for a fiber of which the center frequency near threshold is 1440 Hz. It is seen that there is a gradual change in the center frequencies and bandwidth values with changes in the stimulus intensity.
The relationship holds true for bandwidth values determined at frequencies 3 and 10 dB down from the peak of the transfer function.
The results shown in Figs that the frequency selectivity of the auditory system varies in a systematic way as a function of stimulus intensity. This change is more pronounced for fibers with center frequencies above 1500 Hz, and it is not noticeabIe for fibers with center frequencies below 1000 Hz 128,283. In order to study whether this influence of the stinufus intensity on the measured frequency selectivity was associated with nonlinear distortion of the response of the peripheral auditory system, we compared the responses obtained with those expected from a linear model, the impulse response of which was equal to the cross-correlogram of the neural response. Computation of the model response was done by convo~~~~ these cross-~rre~o~rams~ a~pro~r~ate~y scakd to become ~timates of the first-order Wiener kernels, with one period of the pseudorandom noise used as input to the sound transducer in the recording of fiber responses. 
The model experiments
are based on the fact that in a system consisting of a linear filter followed by a memory-less nonlinearity, the first-order Wiener kernel describes the properties of the linear filter. It has been shown that the cross-correlation function obtained when Gaussian noise is used as input is an accurate estimate of the first-order kernel of such a system. However, it is equally true that cross-correlograms obtained using non-Gaussian noise such as pseudorandom noise are influenced by nonlinearities [41] . The reason for this is that pseudorandom noise contains anomalies. While all higher-order auto-correlation functions of Gaussian noise are zero, the anomalies that are present in pseudorandom noise result in higher-order auto-correlation functions being non-zero. It has been shown that particularly when pseudorandom noise that is based on binary sequences is used in studies of systems consisting of linear filters in cascade with nonlinear elements, these anomalies result in severe corruption of the computed first-order kernels [41] . However, the noise used in the present study (based on ternary sequences) has fewer anomalies, and tests on models consisting of a linear filter in cascade with a half-wave rectifier show that the obtained cross-correlograms are not measurably influenced by the nonlinear element, and that the cross-correlograms are not significantly different from the impulse response function of the linear filter alone [33] . We therefore conclude that the cross-correlation functions obtained are accurate estimates of the impulse response function of a linear filter that is combined with a half-wave rectifier [32, 33] .
The way the model response was compared to the actual response is illustrated in Fig. 6 , which shows the noise used in these experiments before (A) and after (B) it was passed through a l/3-octave-wide, provided that the rectified output of the linear filter was compared to the rectified output of the model. Figs. 7 and 8 show the results of performing these transformations on the two auditory nerve fibers shown in Figs. 4 and 5 . The difference between the model response and the experimental response is much larger for these fibers than it is for those of the linear model (Fig. 6) . There are several possible sources of this difference between the observed responses and those of the model. One of these is nonlinearities that will make the output of a nonlinear model differ from that of a linear model. Other sources of error could be statistical variations in the discharge patterns of the nerve discharges and the possibility that neural discharges are not phase-locked to the waveform of the motion of the basilar membrane but only related to the power spectrum of the stimulus. This latter source of error results from variations in the short time power spectrum of a period of pseudorandom noise along one period of the noise: if the discharges did not phase-lock at all to the waveform of the motion of the basilar membrane, then the shape of the histogram would only debend upon the variations in spectrum along the length of one noise period. This variation would be equal for the two halves of the response to one period of the noise because the pseudorandom noise used in the present experiment is of the invert-repeat type, which means that the second half of the noise is identical to the first half, but inverted. If phase-locking was total, the response to the two halves of the noise period would be identical but of opposite phase. Thus, the components of the histograms of the neural discharges that are results of non-phaselocked discharges, i.e. discharges related only to the power spectrum of the stimulus, will cancel when the second half of each histogram is subtracted from the first half. For this reason, folding the histograms in such a way that the second half is subtracted from the first half serves to preserve the phase-locked components of the histogram while non-phase-locked responses are cancelled out. Due to the unidirec-tionality of the neural transduction process, the histogram of the neural response only represents the motion of the basilar membrane in one direction. Folded histograms of the response to the pseudorandom noise used in the present study are assumed to reflect motion of the basilar membrane in both directions. A similar combination of the histograms obtained in response to click sounds of opposite polarity has been used by Goblich and Pfeiffer [14] to illustrate the damped oscillatory motion of the basilar membrane which occurs in response to transient sounds.
Figs. 9 and 10 show comparisons between the model response (dashed lines) and the folded histograms (solid lines) for the two fibers shown in Figs. 3 and 4 on an expanded time scale (upper two curves). Comparison between the raw histograms and the rectified response of the model is seen in the two lower curves. It is seen that the model response closely resembles the folded histograms of the response obtained from both of the two auditory nerve fibers. When the raw histograms are compared to the rectified output of the model, the difference between the histogram and the model response is also small. When the histogram of the neural discharges is compared with the half-wave rectified response of the model, there is a large difference between the model response and the histogram. However, when the same comparison is done on the basis of the folded histograms, this difference becomes smaller. The reason for this may be found in the fact that a smaller fraction of the discharges of the high-frequency fiber (Fig. 10) is phase-locked than is true for the fiber with a low center frequency (Fig. 9) . In the folded histograms the phase-locked discharges evoked by the two halves of one period of the pseudorandom noise will add together. Discharges that are evoked by the two halves of one period of the pseudorandom noise and not phase-locked to the stimulus waveform, but only a function of the power spectrum will subtract. The reason is that the two halves of the power spectrum of one period of the pseudorandom noise are identical. Therefore, the folded histograms have a closer resemblance to the output of the model than do the raw histograms.
Discussion
The results of using ternary noise to study the frequency selectivity of single auditory neurons confirm the results of earlier studies in which pseudorandom noise based on binary sequences was used [28-311 in that they show a shift in center frequency and an increase in bandwidth at physiological stimulus intensities different from threshold. While the nerve fiber is narrowly tuned near threshold, tuning becomes broad and the center frequency shifts downward, maintaining the highfrequency slope nearly unchanged, in response to stimuli of high intensity. Much greater changes are seen in fibers with characteristic frequencies above 1.5 kHz than in fibers with characteristic frequencies below 1.5 kHz. These results are in good agreement with the results of previous experiments in which a different type of pseudorandom noise was used [28-311; however, using ternary noise has the advantage over using binary noise in that the dynamic range of the transfer function is larger.
The changes in tuning of single nerve fibers with increasing sound intensity described in this study and in previous studies [28-311 are similar to those changes seen as a result of poisoning the cochlea with furosemide or cyanide, or as a result of hypoxia [9] or noise exposure [6] . Many experiments have shown that insults to the cochlea which result from hypoxia [9] , noise exposure [6] and chemical poisoning make the tip of frequency curves less sharp and shift the frequency of highest sensitivity downward.
These changes are very similar to the changes in tuning of single auditory nerve fibers which occur with an increase in stimulus intensity which were described in this paper as well as in previous papers [l&28 -3 I] . It is therefore conceivable that the effect of insult to the cochlea is simply a general decrease in sensitivity and that the change in shape of the frequency threshold curves is just a result of the system being tested at a higher sound level and not a result of the injury as such. Thus the insult from, e.g., hypoxia, may not change the tuning properties of the cochlea but may merely make frequency threshold curves show the tuning properties at higher sound levels.
The results of this study also show that the time pattern of the filtered version of a complex sound is preserved in the discharge patterns of single auditory nerve fibers over a large range of sound intensities. This was shown by earlier studies to be true for noise [ 10,281, for tones [21] and for vowels [43] . In this report we have also shown that the output of a linear model based on the first-order cross-correlation functions deviates little from the output of fibers which show a large change in their tuning properties when the stimulus intensity is raised from just above threshold to physiological levels (50-70 dB above threshold). These results indicate that the change in spectral filtering which occurs in response to a change in stimulus intensity is not associated to any large degree with the generation of nonlinear distortion but that it instead is a result of a relatively slow adaptation of the system to filter characteristics that are specific for a particular (average) stimulus intensity. This means that the spectral analysis that is represented in the discharge pattern of single auditory nerve fibers by phase-locking can be described by a linear model when continuous broadband noise is used as the stimulus. Thus, the model proposed by Weiss [42] fits the results on the frequency selectivity of the peripheral auditory system obtained by recording the phase-locked responses of single auditory nerve fibers when stimulated with continuous broadband noise provided that the parameters of the model are functions of the stimulus intensity. When this is true, the results of the present study show that such a linear model is applicable also in the physiological range of sound intensities and for fibers in which there are larger shifts in both center frequency and bandwidth.
Recent developments in our understanding of the spectral filtering in the cochlea may help us to explain why increasing sound intensity causes changes in center frequency and bandwidth.
It has recently been shown that the vibration amplitude of the basilar membrane in the uninjured cochlea at low sound intensities is as sharply tuned as are the frequency threshold curves of the auditory nerve fibers [19, 39, 40] . It is therefore most likely that the changes seen in the frequency selectivity of auditory nerve fibers as a function of sound intensity are due to the tuning of the basilar membrane.
Recent developments have provided results that focus on the viscoelastic coupling which occurs between the tectorial membrane and the organ of Corti as an association of the basilar membrane that is likely to have great importance in its achievement of a high degree of frequency selectivity. It has been hypothesized that the mass of the tectorial membrane and the stiffness of the hairs together form a resonant system that is responsible for the high selectivity seen near threshold [44- 501. This hypothesis, that resonance between the tectorial membrane stereocilia is coupled to basilar membrane motion, was later adopted by Allen [l] . Assuming a strong coupling between the organ of Corti and the tectorial membrane, Zwislocki [50] has been able to show in transmission line models of the basilar membrane a degree of tuning as sharp as that shown in experiments on motion of the basilar membrane [40] , and in studies of the frequency threshold curves of single auditory nerve fibers (see, e.g. [20] ). A change in stiffness of the hairs would dampen this coupled system, thereby altering the frequency-selective properties of the basilar membrane.
Changes in the coupling between the tectorial membrane and the organ of Corti would also change the way in which the motion of the basilar membrane is transformed into radial shearing of the hairs. Radial shearing is assumed to be the effective stimulus of the hair cells.
The attachment of the organ of Corti to the tectorial membrane is thought to be mainly through the stereocilia [ 
